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INTRODUCTION
The temperature measurement has great significance to the study of the chemical reaction rate, combustion structure and chemical composition distribution of a flame. The flame visualization technology can be used to improve the combustion system design and to help understand the nature of combustion mechanism so that the optimal control can be achieved in terms of efficiency and emission.
Over the past two decades, there have been increased research activities in this particular area. Waterfall et al. measured the location of the flame front, flame size, air-fuel ratio, as well as the flame compositions of an internal combustion engine model using Electrical Capacitance Tomography [1] . This method offers high temporal resolution, and it can be used for online continuous monitoring. However, its measurement accuracy is limited due to the noise induced by the impact of flame sparks to the electrodes, and in some cases the variation in capacitance is insignificant to the flame change. Junta carried out experiments on instantaneous temperature distribution reconstruction inside the turbulent flame of a propane-air premix burner using multidirectional holographic interferogram [2] . Holographic interferometry flame CT gives high accuracy with a wide measurement range, but the disadvantages of this technique are the complexity of the optical system and the difficulty in stripe identification in the case with dense stripes. Brisley et al. also demonstrated a single camera system for the temperature measurement of a gaseous flame based on the cross-sectional reconstruction [3] . The single-camera approach operates on the assumption that the flame is axisymmetric in its shape and structure. Zhou et al. carried out the numerical and experimental investigations into the 3-D temperature distribution inside a large-scale coal-fired furnace using up to eight CCD cameras [4] .
Knaus et al. proposed a new technique to acquire the data for instantaneous, high-resolution and thermal structure image reconstruction using crossed-plane Rayleigh imaging [5] .
All these methods mentioned above have their unique features, however the complexity of structures and high costs limit their industrial applications. A simple, robust and reliable measurement system for the flame temperature distribution with the high spatial and temporal resolutions is required. Based on the theory of Optical Sectioning Microscopy (OSM), which was first recommended by Agard and Sedat in 1983 [6] for a 3-D fluorescence chromosome, a new system is proposed in this paper for flame temperature reconstruction by measuring the series of overlapped images of the flame sections. Based on the relationship between the luminosity and the temperature, the temperature distribution of flame can be reconstructed.
The paper is organized as follows. In Section II, the measurement principle of Optical Sectioning using a CCD is introduced, and then in Section III, the experimental setup of the optical system is presented. On the basis of the theoretical analysis, a novel method is proposed in section Ⅳ to determine the defocused Optical transfer function (OTF). In order to verify the feasibility of this method, the images of translucent films and thin sticks arranged along the axis are taken, and the quality of image reconstructions is evaluated. Furthermore, in section Ⅴ, considering the characteristics of flame emissivity and absorptivity, the mathematical model is built. Based on the measurements of the monochromatic radiation absorption coefficient and the emissivity of the candle flame, the luminosity and temperature distribution of flame profiles are reconstructed respectively, which reveal the internal combustion structure and combustion characteristics of the candlelight. Finally, the main conclusions of this work are briefly given in Section Ⅵ.
II. PRINCIPLE OF OPTICAL SECTIONING MICROSCOPY
The combination of three-dimensional (3D) de-convolution with optical-sectioning microscopy was demonstrated more than two decades ago in the visionary work of Agard and Sedat [6] . As shown in Fig.1 , the coordinates of the object space originates from the left boundary of the object, and axis z coincides with the optical axis. The coordinates of the image plane are denoted as (x', y').
The monochromatic non-coherent light f(x, y, z) emits from a 3-D luminous object of thickness T, and assume no energy absorption between different sections.
When a camera focusing on plane z', the projection g'(x', y', z') can be regarded as the superposition of the images of the focused plane z' and other defocused planes. According to Fourier's optics theory, for a linear shift-invariant optical imaging system, the luminosity projection g 1 (x, y, z') on the imaging plane is the convolution of the luminosity function of the object f (x, y, z) and the Point Spread Function (PSF) h (x, y, z 1 -z') of the optical system,
If the plane z ' is focused on, the total luminosity distribution of the image is,
After discretization, it is converted to:
In the above formula, N = T/Δz refers to the number of the sections of the object, each with the thickness of Δz. That is, the 3-D object can be considered as a combination of N-layer parallel two-dimensional profiles. Thus, the two dimensional images captured by a CCD camera contain 3-D information of a given luminous object.
Keeping the imaging system and the object on the same optical axis direction, a series of projection images can be captured when the camera is focused on the different cross-sections in sequence,
Equation (4) can be simplified as,
The above equation is usually Fourier transformed to,
where G, F are the Fourier transforms of g, f respectively, and H is the optical transfer function (OTF) of the optical system. f x and f y are the spatial frequency components. If the OTFs of the optical system at different defocused positions are known, equation (6) becomes closed and solvable. Finally, by performing inverse Fourier transform, the original luminosity distribution of each section Fig.2 shows a schematic of the image formation and restoration chain, where * stands for the convolution operation. In the forward image formation process, the acquired blurred image contaminated by noise is produced by the convolution of object and the PSF of the optical imaging system. To take the restoration quality and processing complexity into consideration, the task of image restoration is to give an estimate of the original image. The computational 3-D image deconvolution technique can be categorized into six broad classes: no-neighbors methods [7] , neighboring methods [8] , linear methods, nonlinear methods [9] , statistical methods, and blind deconvolution methods. An overview of various deconvolution techniques on 3-D fluorescence microscopy images was detailed by Pinaki [10] . In this paper, the Tikhonov inverse-filtering method [11] is applied to image reconstruction, which is one of simplest and truest linear 3-D deconvolution methods.
III. EXPERIMENTAL SETUP
The experimental setup is shown in Fig.3 (a) , the lenses and the color CCD camera can be moved forward and backwards at 0.8 millimeter of each pitch on a slider horizontally by turning the screw driven by a stepper motor. The electric motor rotates at rev/400-pulse, and thus the resolution of the axial movement is 2μm. The vertical position of the system can also be adjusted to make the center of the lens align with the object. The internal configuration of the lenses system (Gco2302-2304) is shown in Fig. 3 (b). It is a combination of front and back afocal lenses with the aperture stops located at the common focus of the front and back lenses, resulting in the chief rays being parallel to the optical axis in both object and image spaces, i.e. both the entrance and exit pupils are at infinity. A constant perspective or viewing angle and a constant magnification can therefore be achieved in the cases when the object and image surfaces are tilted with respect to the optical axis or the lens is defocused on either object surface or image surface. The depth of field of the lenses is about 1 millimeter.
The control flow diagram of the system is shown in Fig.4 . After initialization of the system parameters including the focus of lens, aperture, OTF, section number N and the interval Z, and then images are captured in sequence by the CCD camera and stored for each Z. When the set number of images is reached, the optical system returns to its original position.
IV. IMAGE RECONSTRUCTIONS OF TRANSLUCENT FILMS AND THIN STICKS USING OPTICAL SECTIONING METHOD
The images of a series of translucent films along the same axis are reconstructed to confirm the feasibility of the method.
A. Calibration of PSF and OTF
In a system with a single CCD camera, the images of different colours may be synchronously obtained either on a monochrome sensor array through a beam splitting /filtering assembly with narrowband interference filters [12] , or on a colour sensor array with a mosaic pixel filter (for example, red-green-blue (RGB)) Bayer filter) [13, 14] . The CCD sensor used in this experiment is the later.
The RGB narrowband measurement is simplified as three effective wavelength (λ R , λ G , λ B ) measurements. The monochromatic measurement in R is used in the calculation, and λ R is chosen to be 625 nm according to the spectrum response of the color CCD provided by the manufacturer.
From equation 6, it can be seen that OTFs of the system need to be determined before the equations can be solved. There are several ways to determine OTF [15] [16] [17] . For example, Fourier transform of a blurred image may allow the zeros in the OTF to be seen [18] . However, it is not known if there is any coincide of zeros between F (f x , f y ) and H (f x , f y ). Therefore, the authors propose a priori knowledge based method to find the single-parametric OTF, which has been proven to be reliable.
Since the defocused OTF can be expressed in Stokseth approximation formula [19] :
where w denotes the optical path difference out of focus. λ is the wavelength. ω is the frequency. Under the given defocused distance, the OTF is determined by the value of w which can restore the image well from equation 8. For the optical system mentioned above, the OTF and PSF of 2mm defocused distance are shown in Fig. 5 where w / λ = 0.26.
B. Experiments on reconstruction of translucent films
In Fig. 6 (a) , three translucent films are arranged along the axial direction with 2 mm interval apart. Focusing on each film in sequence, the gray level distributions of R from the captured superimposed images are shown in Fig. 6 (b) . Fig. 6 (c) shows the reconstructed image using Tikhonov inverse-filtering method [11] , and it can be seen that the inversion result is satisfactory and the effect of superposition has been partially eliminated.
Defining the similarity correlation coefficient of two images as following [20] [21] ,
where a(i, j) and b(i, j) are pixel gray level of R in image, m, n for the pixel number of row and column respectively. Comparing the inversion result with the original films using equation (9), the correlation coefficients are 0.916, 0.813 and 0.957 respectively.
C. Experiments on reconstruction of thin sticks
In Fig. 7 (a There are two possible reasons for an object to emit light, i.e. reflection and self-emitting irradiance. The reflected irradiance contains the information on the reflectivity or refractive index of an object, whilst the self-emitting irradiance carries the information about the spectral emissivity of a luminous object. If a luminous body is the flame instead of translucent films or thin sticks, it is obvious that each profile of the flame can also be reconstructed based on the method described above.
V. RECONSTRUCTION OF PROFILE TEMPERATURE DISTRIBUTION OF FLAME
It is essential to find the relationship among the absorption characteristics of the flame radiation, flame absorptivity, the monochromatic emissivity, image gray and temperature before the temperature distribution of a flame can be reconstructed using OST.
A. Characteristics of emissivity and absorptivity of flame
The thermal radiation produced by the fuel combustion is electromagnetic waves, the spectrum of which covering the visible region is captured by the CCD camera in this system. Ignoring the relative small radiation of combustion gases (CO, CO 2 , H 2 O, etc.), approximately, the luminous radiation is the radiation of high temperature soot cloud caused by the incomplete combustion of fuel [22] .
The soot cloud is an absorptive-emissive medium, which emits its own energy outwards and simultaneously absorbs energy from external sources. The scattering effects of soot may be negligible assuming the size of particle is much smaller than the wavelength of radiation. Therefore, the attenuation of ray intensity caused by the absorption of soot cloud is [23] ,
The integration of the above equation gives,
where s is the thickness of soot cloud. i λ (0) is the intensity of monochromatic radiation of the incident ray. i λ (s) is the intensity of monochromatic radiation of the transmitted ray. α  is the monochromatic absorption coefficient of the soot cloud.
And the average monochromatic transmissivity is, 
where i b is the emission intensity of the blackbody. If the soot cloud is divided into n sections, each with the same thickness Δ, we have,
Thus, from equations (12) and (13), the radiation from the surface of the last section is,
From equations (13) and (14), it yields,
Form the above analysis, it can be concluded that the radiation from 3-D flame (soot cloud) can be seen as the weighted sum of the radiation from a series of two-dimensional luminous sections. The received radiation contains the information of the 3-D radiation of the flame.
B. Measurements of average monochromatic absorption coefficient and average emissivity
From equation (15), it can be seen that the unknown parameters   and α  need to be determined before solving this equation.
There are many methods for measuring absorption coefficient and emissivity, e.g. the monochromatic radiation and absorption method [24] , the radiation absorption integral method, the multiple spectral reflexion method [25] and the temperature-color method [26] . The monochromatic radiation and absorption method is used here.
A reference semiconductor laser is placed at the left side of the flame in Fig. 9 , which produces a monochromatic radiation at the wavelength of 625 nm. The light signal was detected by a photodiode after it penetrates the flame and the 625nm narrowband interference filter.
Measurement procedures are as follows:
 Laser source only without flame, measure the output signal L s ;
 Flame only without the laser source, measure the output signal L f ;
 Measure the output signal L when the laser passes through the flame, therefore we have
Assuming uniform absorption coefficient, the absorption coefficient of the flame can be calculated from the above equations.
Experimental results are given in Table 1 . 
C. Mathematical modeling and calibration of optical transfer function
From the above analysis, it can be seen that the 3-D flame can be regarded as a combination of a series of flame sections. This is, the radiation from 3-D flame is the superposition sum of the radiation from different flame sections. When the j th section is focused on, the received luminosity on CCD is,
where L j is radiation projected on the CCD array. h n-j is the PSF of the defocused distance (n-j)Δ.
Based on the proposed measurement method introduced in section IV.A, the PSFs/OTFs in equations (17) can be obtained using the thin film fixed at different defocused distance. For example, in Fig.10 the photos of the films captured at different defocused distance 0mm (on focus), 2mm, 4mm, 6mm, 8mm, 10mm can be retrieved well when w = 0, 0.27, 0.52, 0.77, 1.02, 1.27
respectively, where =625 nm. Accordingly, the defocused PSF can be determined, as shown in Fig. 11 .
In Fig. 12 , some parts of the reconstructed images are enlarged to present the details.
D. Relationship between the gray level image and the temperature of the flame
The radiation of the flame travels through the optical system and projects onto the sensing area of CCD detector. The induced charge, proportional to the luminosity, are collected and converted to the voltage signal which is further quantified by graphic card.
According to the Planck's Law, in visible light wavelength, the relationship between the monochromatic luminosity L λ of flame and its temperature can be expressed in [27] , where C l and C 2 are the Planck constants, λ is the wavelength, the relationship between image gray level and the luminosity is as follows [28] :
where D/f is the relative aperture, A is the sensing area of CCD array, u max is the maximum voltage level of the luminosity, u min is the minimum voltage level of the luminosity, η 1 is quantum efficiency , η 2 is transfer efficiency and η 3 is transfer coefficient. a * and b * are digitized bits. t is the exposure time and  is the light transmittance of the lenses.
If u min can be ignored (very small), equation (19) is simplified to,
Where Φ is the instrument constant. The instrument constant can be eliminated if the equation (20) The emissivity ε is the function of wavelength λ and temperature T. After the wavelength λ has been fixed, the monochromatic emissivity ε  is the function of temperature T. For soot particle characteristic of continuous radiation, the emissivity function can be approximately written in the series form [29] ,
Combining equations (18), (21) and (22), we have, The unknown temperature coefficients b i (i=0,…,m) can be determined by n=m+2 practical temperature measurements. m is chosen as 3 by experience here. When the relationship between the emissivity and the temperature is determined, the temperature distribution can be solved from the gray level image.
E. Reconstruction results of flame and discussions
The photo of the experimental setup is shown in Fig.13 . A steady candlelight stands in front of the lens. Two methods can be used to prevent the saturation caused by the over high luminosity of the flame, 1. Put an attenuation filter between the flame and the lenses or 2. Adjust the exposure time of CCD. It is necessary to mention that the axial resolution up to m can be achieved by OST. The captured (R) gray level image of the lower part of the candlelight is shown in Fig. 15 (a) . There seems no apparent difference between these images. However, the normalized luminosity distributions in Fig. 15 (b) , which can be regarded as the superimposition of the degraded luminosity distributions of different sections, are quite different from the deconvolution results in Fig. 15 (d) . Furthermore, the reconstructed gray level images in Fig.15 (c) are different form each other, the area of the inner section of the flame is larger than that of the outer. The normalized luminosity distributions of the reconstructed gray level images given in Fig. 15(d) reflect the structure of radiation and the combustion inside the candlelight.
In Fig. 15 (e) , the temperature of the bottom part of the candlelight is comparatively low. It is known that the radiation in this part is primarily in the infrared region, which is not used as measurements in this work. With the devolatilization of paraffin wax, more smoke particles are formed, resulting in higher temperature in the middle and upper parts of the flame. The temperature reaches its maximum value at the combustion surface and decreases towards inner region filled with mixture of combustible and diffusion products and towards outside region filled with mixture of exhaust gases and air. Due to the relationship between the monochromatic luminosity L λ of the flame and its temperature given in equation (18), the variation of luminosity in Fig. 15 (d) is more intensive than the variation of temperature in Fig. 15 (e) . Practically, the variation of luminosity can reflect the variation of the flame radiation better.
The points temperature measurements are acquired using an S-type thermocouple of 0.125mm of diameter, which is connected to a data logger. The position of the thermocouple's tip can be accurately controlled by a specially designed positioning mechanism.
Based on the relationship between the emissivity and the temperature, the temperature distribution can be calculated by solving equation (23) . Comparing the temperature in the 3rd picture of Fig. 15 (e) with that measured by the thermocouple in Fig. 16 , it is obvious that the temperature distribution is very similar. The inversion results of the gray level, normalized luminosity and temperature distribution of the upper area of the candlelight are presented in Fig. 17 . It can be seen that the diameter of the combustion region shrinks along the altitude of the candlelight as the fuel is running out. The phenomenon of unburned carbon emerging from the top of the flame is also observable.
Although the candlelight is assumed to be steady in the measurement process, it is difficult to achieve in practice, as the shape and structure of the flame have been changing. If the speed of adjusting the optical system along the height of the flame is not fast enough, the luminosity and temperature distributions given in upper and lower sections can not be considered to belong to the same flame. Therefore, an optical system with large field of view and fast adjustment speed is desirable for the implementation of the proposed method.
VI. CONCLUSIONS
A prototype measurement system based on Optical Sectioning method has been developed for reconstruction of steady state flame temperature field. The inversion results of the candlelight reflect the distribution of flame internal radiation, the distribution of temperature, as well as the combustion structure of candlelight, which verifies this method. Only one fixed position CCD camera is required. The system's configuration is simple and the method is reliable. This measurement system is for offline use. The time cost for one shot is 10ms. The repositioning speed is 50mm/s and the distance between each section is 2mm. So the total time cost for one cycle is 0.21s. The future work will be focused on using the electronic-controlled zoom of liquid lens to replace the stepping motor, which will significantly increase the adjustment speed of focus plane. An efficient inversion algorithm is needed to overcome the difficulty of reconstructions of more sectioning cases. It is envisioned that the system will be a useful tool for investigation of the underlying physics of the flame evolution and emission formation. 
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